ABSTRACT: A combined chemical pressure and substrate biaxial pressure crystal engineering approach was demonstrated for producing highly epitaxial Sm-doped BiMnO 3 (BSMO) films on SrTiO 3 single crystal substrates, with enhanced magnetic transition temperatures, T C up to as high as 140 K, 40 K higher than that for standard BiMnO 3 (BMO) films. Strong room temperature ferroelectricity with piezoresponse amplitude, d 33 = 10 pm/V, and long-term retention of polarization were also observed. Furthermore, the BSMO films were much easier to grow than pure BMO films, with excellent phase purity over a wide growth window. The work represents a very effective way to independently control strain in-plane and out-of-plane, which is important not just for BMO but for controlling the properties of many other strongly correlated oxides.
INTRODUCTION
Multiferroic materials have attracted wide interest due to their promising practical applications based on the coexistence of magnetism and ferroelectricity, the coupling which gives rise to magnetoelectricity (ME) (or ferroelectromagnetism).
1−4 With these materials, there is the possibility of creating new kinds of low energy computer memory. However, to date, no ferromagnetic ferroelectric material has been reported which operates at near room temperature (RT).
Within single-phase multiferroic materials, BiMnO 3 (BMO) has been extensively investigated because among the many transition metal perovskites which are ferroelectric, BMO is rare as it also is a ferromagnetic (FM) material (maximum reported magnetic transition temperature, T C , is ∼100 K). 5, 6 More recent theoretical and experimental results show bulk BMO has a centrosymmetric monoclinic structure (C2/c), which means the ground state of BMO is not ferroelectric (FE). 7 However, in bulk BMO the ferroelectric transition temperature T FE is measured to be ∼400 K, although saturation polarization is low, only 0.1 μC/cm 2 (at ∼90 K). 5, 6 FE has also been reported in films with P r ∼ 23 μC/cm 2 at 5 K, but here, the FM transition temperature (T C ∼ 85 K) and magnetic moment (M) are reduced. 7 Solovyev et al. proposed that hidden antiferromagnetic (AFM) ordering is responsible for ferroelectricity. 8 The highly distorted monoclinic structure of BMO which results from the 6s 2 lone pair character of Bi 3+ means that the MnO 6 ). 9−11 This gives rise to small Mn 3+ −O−Mn 3+ bond angles of 140−160°, significantly smaller than the ideal 180°for strong superexchange interaction. 8 Also, this distortion breaks the degeneracy of the e g orbital and leads to the three-dimensional (3D) FM superexchange coupling. Two of the three Mn 3+ −O− Mn 3+ orbital orderings exhibit FM interactions with one FM interaction along the c-axis (out-of-plane) and both an FM interaction and an AFM interaction in the ab-plane (inplane). 11−14 Overall, long-range FM coupling dominates over AFM coupling. 12 The 3D magnetic state of BMO is very sensitive to changes in bond angle and length by internal and external pressures. 11,13−16 When high hydrostatic external pressure (>1 GPa) is applied to bulk BMO, there is coexistence of both FM (T C = 95 K, reduced slightly from the T C of 100 K for the phase under ambient pressure) and AFM (T N = 90 K), despite only producing small changes to the Mn 3+ −O−Mn bond angles (by ∼ ± 1°).
11
High temperatures and pressures of 1100 K and 6 GPa, respectively, are required to synthesize pure bulk BMO because Bi 12 MnO 20 and Bi 2 Mn 4 O 10 compounds are much more stable than perovskite BMO under ambient pressure. 17, 18 In the high pressure bulk phase, the structure is C2/c, and FM ordering occurs with a T C of ∼100 K (saturation magnetic moment, M S , of 3.6 μ B /Mn).
It is possible to make FM BMO thin films of a few 10s nm thickness using the epitaxial strain from the substrate as an effective substitute for high pressure. 19 However, because the monoclinic structure is mismatched to available (pseudo)cubic single crystal substrates, the bulk magnetic moments and T C are significantly reduced. 7 The properties of the films depend sensitively on the particular substrate. A T C of 50 K has been measured on (001) LaAlO 3 (lattice mismatch of −4.3%), 80− 100 K on (001) STO (lattice mismatch < ∼ −1%), and 100 K on (110) DyScO 3 (lattice mismatch of −0.15%). 20−22 The films on DyScO 3 were very thin (<10 nm) to give the required coherent strain. From X-ray magnetic circular dichroism (XMCD) measurements, films of DyScO 3 gave M S up to 3.2 μ B /Mn at 8 K and 2 T, and piezoresponse was also observed at RT. 22 The results are encouraging but need to be translated to thicker films. So far, however, in films above 30 nm thickness, when the FM properties are optimized, e.g., M S up to 1.87 μ B / Mn (0.52 M S of bulk) and T C of 100 K, FE is not achieved. 5, 21 Conversely, in films where FE is observed, they have a reduced M (0.7 μ B /Mn at 10 K and 1 T) and reduced T C (<90 K). 23−26 It is clear that optimization of the individual FM or FE properties is nontrivial; ergo optimization of these two properties simultaneously is compoundingly difficult. However, it is certain that structural straining represents an effective means to tune properties. Both thin film epitaxial strain and chemical pressure strain can be used. A few groups have studied doping of the Bi 3+ site with La
3+
. 27−29 So far, this light substitution (La 3+ has an ionic radius of 1.22 Å, compared to 1.24 Å of Bi 3+ for 9-fold coordination) has meant the films are easier to grow owing to the lower structural distortion. However, La 3+ substitution has also caused a slight reduction of the JT distortion and consequently weaker FM properties (T C ∼ 90 K instead of 100 K for bulk BMO).
28−31
The aim of this study is to combine both internal 3D chemical pressure and external 2D biaxial epitaxial pressure in order to independently tune the out-of-plane and in-plane bond lengths. By shrinking the out-of-plane ⟨Mn−O⟩ FM bonds without also reducing the in-plane ⟨Mn−O⟩ AFM bonds, there is the possibility to increase the FM coupling in the system and, with it, enhance T C . Therefore, the idea is to simultaneously undertake (a) epitaxial growth to fix the in-plane lattice parameter to the substrate lattice parameter, i.e., to SrTiO 3 (STO), with a = 3.905 Å, which is larger than the expected bulk Bi 1−x Sm x MnO 3 (BSMO) lattice parameter. It would be expected that this should minimize the in-plane AF coupling; and (b) A-site doping with a cation that has a smaller ionic radius than Bi 3+ and a large JT distortion parameter than Bi 3+ to reduce the overall cell volume and hence also the out-of-plane ⟨Mn−O⟩ bond length to optimize the out-of-plane FM coupling.
Our method is very different from a simple chemical substitution of bulk material where the chemical pressure is isostatic, and the ⟨Mn−O⟩ bond lengths would be reduced in all directions. In that case, while the FM coupling would be increased out-of-plane, the AFM coupling would also be increased in-plane and would likely dominate the magnetic properties owing to the great sensitivity of superexchange coupling to bond length and angle. 14−16 The smaller A-site ion dopant used was Sm 3+ (ionic radius = 1.13 Å compared to Bi 3+ = 1.22 Å). 32 SmMnO 3 has a very large JT distortion parameter (Δ ∼50 × 10
), which is close to the JT distortion of BMO (Δ = 37.2 × 10 −4 and 51.3 × 10 −4 ). 9, 33 Therefore, Sm substitution is not expected to reduce the JT effect of BMO. A nominal doping level of 15% was used, i.e., x = 0.15 in Bi 1−x Sm x MnO 3 (BSMO). This doping level is not too high to significantly reduce the Bi content and the important 6s 2 loan pair effect but at the same time is high enough to cause a measurable cell volume reduction. From the ferroelectric point of view, previous results in the related compound BiFeO 3 (Mn and Fe being adjacent in the periodic table) show that Sm doping up to 15% improves the FE. 34−37 We found that in films of up to 200 nm thickness, the FM T C is enhanced to up to 140 K compared to 100 K for the best thin BMO films reported previously. At the same time, strong FE at room temperature was measured with a piezoresponse amplitude (d 33 ) value of 10 pm/V, which is higher than the highest value reported previously for 30 nm thick Bi 0 . 9 La 0 . 1 MnO 3 (BLMO) films, 2 pm/V at RT. 28 Furthermore, we found that films can be readily grown to be phase pure with excellent epitaxy over a wide growth window, which is not the case for undoped BMO. 19 
EXPERIMENTAL SECTION
Undoped-BMO and BSMO films of 120−200 nm thickness were grown on (001) STO and Nb-SrTiO 3 (Nb-STO) substrates by pulsed laser deposition (PLD). Ceramic targets for the PLD deposition were prepared by thoroughly mixing stoichiometric amounts of Mn 2 O 3 and Sm 2 O 3 powders, the Bi 2 O 3 powder being 10% in excess to counteract Bi evaporation during growth. After mixing, the powders were uniaxially pressed into 1″ targets and sintered at 870°C for 15 h. For the film growth, the laser pulse rate was 2 Hz, and the laser fluence was 1.3 J cm . The oxygen pressure was fixed at 100 mTorr. The optimum growth temperature was found to be 650°C. However, it was possible to grow phase pure films within a temperature window of 630−700°C.
To confirm the phase purity, crystalline quality, and 3D strain state of the films at roon temperature, θ−2θ scans and reciprocal space maps (RSMs) were carried out using a Panalytical Empyrean high resolution X-ray diffraction (XRD) system. We determined the out-ofplane lattice parameter by averaging the higher angle peaks from θ−2θ scans, namely, (003) and (004), and the (103) peak in the RSMs. We determined the in-plane lattice parameters also from the (103) peak in RSMs.
To determine film surface morphology, atomic force microscopy (AFM) was performed. The detailed atomic structure was probed by high resolution transmission electron microscopy (HRTEM, JEOL 2010 microscope operating at 200 kV and a JEOL 4000 EX microscope operating at 400 kV). Magnetization measurements (M − T and M − H) were made using a superconducting quantum interference device (SQUID) magnetometer (Quantum Design, MPMS). The magnetic moment was converted from emu/cc to μ B / Mn by using the unit cell volume revealed from XRD and film volume determined by X-ray reflectivity.
Piezoresponse force microscopy (PFM) measurements were performed using an Agilent 5500 scanning probe microscope (Agilent SPM 5500) in PFM mode with 3 (MAC-3) lock-in amplifiers (LIAs) at room temperature. For the PFM measurements, an Olympus Ptcoated tip (Asylum Research AC240TM) was used at an excitation frequency of 15 kHz with an alternating current (AC) voltage V AC of 2 V, polarized by a direct current (DC) bias of V DC of ±5 V. The inverse (also called converse) piezoelectric effect was used to induce longitudinal (thickness) film displacements on a local scale and beneath the Pt surface electrodes (of ∼250 μm in diameter). The PFM displacement was influenced little by the electrostatic force between the sample and the cantilever assembly since they were at the same electrical (the whole cantilever body was electrically screened by the tip) and contact (Pt-tip and Pt-patch) potential. 38 Table 1 shows an overview of structural and physical properties of the 200 nm thick BSMO and undoped-BMO films of this work, compared to BLMO films grown on STO. 28, 29 The BLMO films are good comparator samples because they exhibit good magnetic properties and FE at RT with reasonable sample thickness, (i.e., not too thin; they are ∼30 nm), and with lattice parameter information reported. For further reference, bulk BMO made under high pressure and STO are included. 39, 40 All of the films in Table 1 . Figure 1a shows θ−2θ XRD patterns (logarithmic scale on yaxis) of a 200 nm BSMO film and an undoped-BMO film of the same thickness. In the undoped-BMO film, there are various Birich and Mn-rich secondary phases including α-and β-Bi 2 O 3 and (l0l) oriented Mn 3 O 4 . The result confirms literature reports that undoped-BMO films are hard to grow phase pure. 19 However, the BSMO film shows clear peaks of (00l) BSMO and little or no secondary phases indicative of the strong stabilizing effect of Sm on the BMO phase, as discussed later.
RESULTS AND DISCUSSION
To explore the 3D strain state in both the BMO and BSMO films, RSMs around STO (103) were conducted (Figure 1b) . The H00 value for both undoped-BMO and BSMO are, within error range, equal to the H00 value of the STO substrate, indicating full external 2D biaxial epitaxial pressurization of both films. In addition, the out-of-plane d-spacing, revealed from the θ−2θ scan and the RSM, gives an idea of the applied 3D chemical pressure. For BMO, the out-of-plane lattice parameter was found to be 3.98 ± 0.01 Å, which is significantly larger than STO (3.905 Å). By replacing Bi by Sm, the out-ofplane lattice parameter of the (002) diffraction peak of BSMO was reduced to 3.87 ± 0.01 Å. In other words, Sm doping caused a shrinkage of 3% of the out-of-plane lattice parameter when compared to that of the undoped-BMO film. Such a large reduction in the out-of-plane lattice parameter is likely to be the result of both ⟨Mn−O⟩ bond length reduction and an increase of octahedral rotation. This shrinkage is much larger than is realized in BLMO (only 1%). 29 As a result, also the pseudocubic unit cell volume of BSMO is much smaller than undoped BMO and BLMO, 58.8 ± 0.02, 60.5 ± 0.02, and 60.1 Å 3 respectively, suggesting strong 3D chemical pressure in BSMO. For BSMO, two peaks were observed along the out-ofplane direction (Figure 1a and b) , which indicate d-spacings of 3.87 ± 0.01 Å and 3.83 ± 0.01 Å. We used the lower angle peak (of higher intensity peak) for the out-of-plane lattice parameter (3.83 ± 0.01 Å) because the c-axis oriented phase was the dominant phase seen by cross-sectional TEM. The presence of two peaks can be explained by twinning of the BSMO, which is discussed in more detail later. Figure 1c compares ω-rocking curves of BSMO with BMO, with Δω of 0.24°and 0.35°, respectively. The reduction in Δω indicates less out-of-plane tilting in the BSMO films, which can be explained by higher phase purity. Figure 1d shows φ-scans of the (110) peak of BSMO and the STO. The film peaks have the same peak positions as the STO film indicative of cube-on-cube epitaxy. The alignment (in this case, in-plane rotation) for BSMO (Δφ = 0.48°) is better compared to that of undoped-BMO (Δφ = 0.62°, not shown), again consistent with the higher phase purity and improved growth for BSMO.
Hence, it is clear from the XRD results of Figures 1a−c that Sm substitution promotes BMO phase stabilization and improves the crystallinity. We recall that La-doping gives a stabilizing effect allowing growth of phase pure BLMO films because of the reduction of the destabilizing JT distortion by reducing the amount of Bi in the structure. Here, we have a similar level of Bi content reduction to stabilize the phase, but compared to bulk BMO, we also have a reduction in the lattice parameter to be closer to STO, giving a further stabilization effect.
The AFM height images, shown in Figure 1e and f, confirm the X-ray data. The triangular grains in the undoped-BMO film are likely (l0l) oriented Mn 3 O 4 (as observed in the θ−2θ scans, Figure 1a ). For BSMO (Figure 1f) , a homogeneous surface morphology of aligned rectangular faceted grains was observed.
The inset of Figure 1f shows twinning domains indicated by white circles. Similar twinning has been observed in perovskite thin films of PbTiO 3 and was thought to arise from the strain relief because of the different lattice parameters of the film and substrate (a < a S , substrate lattice parameter < c). 42, 43 The rootmean-square (RMS) roughness for BSMO is ∼3 nm, which is 28, 29 much lower than the RMS roughness of 33 nm measured for the undoped-BMO films. Figure 2a shows a cross-sectional STEM image of a 120 nm thick BSMO film showing high uniformity of composition over a large area.
The sample has many regions of twinned domains as detected in a high resolution cross-sectional TEM (HRTEM) image (Figure 2b) , which is in agreement with our XRD results. A clear twin interface is indicated by the dashed line. The presence of twinning in the BSMO films indicates that for bulk BSMO a BSMO ≠ c BSMO and a BSMO < a STO < c BSMO . This would agree with the structure for Bi 1−x Sr x MnO 3 with equal cell volume as our BSMO films (58. 8 Å 3 ). 39 In contrast, for undoped BMO, both a BMO and c BMO are larger than a STO , so no twinning is expected. 39, 42, 43 The reason that a BSMO < a STO < c BSMO in BSMO may be because of the variation of apical distance of the MnO octahedra caused by the substitution of a smaller ion than Bi 3+ . 35, 44, 45 Note that a more detailed study should be done to reveal the exact origin of the twinning in BSMO on STO, which is out of the scope of this study. Herein c BSMO is the pseudocubic out-of-plane lattice parameter. The inset of Figure 2b shows an enlarged lattice structure. On the basis of the diffraction pattern and the lattice fringes of the inset of Figure 2c , the unit cell is doubled in the out-of-plane direction. Hence, the structure is (pseudo)-tetragonal with c ∼ 2a. The doubled cell structure is very similar to that found in Bi 1−x La x FeO 3 films (x = 0.3) where the doubling is caused by rotation of FeO 6 octahedra. Energy dispersive X-ray spectroscopy (EDX) line scans were also conducted on the TEM specimen (Figure 2d ). An average Sm doping of x = 0.25 (∼5% accuracy) was found in the film. This value is higher than the nominal x = 0.15 value in the target. The difference can be explained by evaporation of the volatile Bi during growth, which is common during Bi based perovskite film growth. 46 The filling of Bi vacancies by Sm likely contributes to the observed stabilization of the BSMO films, allowing them to be grown over a wider range of conditions than pure BMO. Figure 3 compares the magnetic properties of a 200 nm thick undoped-BMO and BSMO films (black and red squares, respectively). In the undoped-BMO film, two FM transitions are present (Figure 3a ), one at ∼100 K for BMO and the other at ∼40 K for Mn 3 O 4 , consistent with the phases observed by XRD (Figure 1a) . The BSMO film, however, shows two different magnetic transitions, one being an FM transition of as high as ∼140 K and the other being an AFM one at ∼30K. In addition, the M − T curve of BSMO shows a tail behavior, similar to BMO films reported in the literature. 14, 21, 23 The M − H measurements of BSMO at 10 K showed an M (at 1 T) of ∼1.04 μ B /Mn and a coercivity (H C ) of 430 Oe (Figure 3b) . The H C of BSMO is in the same range as that for pure BMO and BLMO, 21, 28 while M is significantly higher than that for our undoped-BMO films grown under the same growth conditions (M = 0.4 μ B /Mn; see Table 1 ). To confirm that the FM transition of BSMO was above 100 K, we measured M − H also at 120 and 150 K (Figure 3b ). Clear hysteresis loops were obtained at 120 K with H C ∼ 130 Oe and M r ∼ 0.2 M r(10K) , whereas a paramagnetic hysteresis loop was observed at 150 K (see also inset of Figure 3b ). The magnetization of BSMO does not saturate, which is similar to that of pure BMO films and this is likely because of spin canting. 21 The canting may be due to the competition of hidden AFM and FM ordering. 8, 21, 23 Despite the competition of AFM and FM, the magnetic moment value of BSMO at 10 K (1.04 μ B /Mn) is higher than that for pure BMO films, which also show FE, and close to the one for BLMO films, 1 μ B /Mn (Table 1) . 23, 28 Now, we discuss the possible reason for the enhanced T C in BSMO. As we have already mentioned, BMO has complex magnetic ordering. There is competition between FM and AFM interactions, with FM interactions out-of-plane and both FM and AFM interactions in-plane. 13 , there is no compensating distortion from the small ion size. 47 However, in the case of Sm
3+
, even though there is some Bi 3+ loss, the JT distortion should be maintained because of the smaller ion size of Sm 3+ . As we mentioned in the introduction, SmMnO 3 has a JT distortion parameter close to that of BMO. In addition, SmMnO 3 is a canted A-type AFM with a ferrimagnet component in contrast with LMO. 48 According to theoretical calculations on the relationship between tilting angle of RMnO 3 (R: trivalent lanthanides) and ionic radii, 25% Sm substitution in BMO would lead to a tilting angle that is only slightly increased compared to BMO. 49 Therefore, we would expect Sm not to destroy the magnetism of BMO like La does. In addition, we expect that besides octahedral rotations, there is also a small decrease of the ⟨Mn− O⟩ bond length along the out-of-plane axis. The 4% reduction in unit cell volume compared to the pure bulk BMO and the 3% reduction of the out-of-plane lattice parameter (Table 1) are both evidence of this. This is in agreement with the enhancement of FM interactions in the out-of-plane direction, which is expected because of the reduction of the out-of-plane ⟨Mn−O⟩ bond length.
However, an AFM transition is present at ∼30 K. In BMO under 1 GPa external hydrostatic pressure, an AFM transition is also observed but at a higher temperature, 90 K. 11 Hence, the combined chemical and biaxial pressure in BSMO films is much less detrimental than hydrostatic pressure because the shrinkage of the in-plane lattice parameter is limited by biaxial pressure from substrate.
Hence, through balancing both chemical and biaxial pressure to tune the in-plane and out-of-plane strain independently, it is possible to enhance the FM interaction so that it dominates over the AFM interaction. This is the first time the FM T C has been increased in BMO by any means. The result naturally leads to the intriguing possibility of whether the growth of BSMO films on a substrate with a larger lattice parameter than STO may further weaken the AFM interactions and strengthen FM ones. Our preliminary results on very thin BSMO films (∼20 nm) on (110) DyScO 3 look promising in terms of magnetic properties, but further work is required to be able to measure the FE properties.
Turning to the ferroelectric properties of the BSMO films on Nb-STO, we show the PFM measurements, amplitude, and phase as a function of bias voltage of a 170 nm thick BSMO film in Figure 4a . After sweeping the DC voltage from +5 to −5 to +5 V, a characteristic hysteretic behavior is observed indicative of ferroelectricity at RT. Figure 4b shows the PFM images immediately after poling (left image) and reading again after 72 h (right image). The phase contrast still remains after 72 h. This long retention time is also indicative of ferroelectricity. 22 Moreover, the d 33 of 10 pm/V is higher than previously reported for BLMO films (2 pm/V) at RT. 28 As already mentioned, PFM response in pure BMO has only been reported in very thin films (<10 nm), which are coherently strained to give the required structural change to pseudocubic. 22 The improved d 33 is consistent with the enhanced d 33 reported for Sm doped BiFeO 3 films.
34−36

CONCLUSIONS
Through a new combined chemical pressure and substrate biaxial pressure crystal engineering approach in thin films, we have demonstrated significantly improved multiferroic properties in BSMO films at the same time as making the growth of phase pure films more facile. The ferromagnetic transition temperature was increased in BSMO by ∼40 K to up to 140 K, and the piezoresponse amplitude at room temperature was 10 pm/V, much higher than that reported previously in any BMO film. More broadly, simultaneous tuning of chemical pressure and biaxial substrate pressure represents a very promising new avenue to precisely control the 3D strain state in a large number of other strongly correlated transition metal oxides where the physical properties are extremely dependent on bond lengths and angles in the different crystallographic directions. 
